Background: Advanced stage/recurrent clear cell ovarian cancers (CCOCs) are characterized by a low response to chemotherapy and a poor prognosis. There is growing interest in investigating novel/molecular targeted therapies in patients with CCOC in histotypespecific trials. However, CCOCs are not a uniform entity and comprise a number of molecular subtypes and it is unlikely that a single approach to treatment will be appropriate for all patients. The aim of this study was to analyze the results of a multiplatform profiling panel in CCOCs to identify potential therapeutic targets. Patients and Methods: Tumor profiling was performed on 521 CCOCs. They were grouped into pure (n = 422) and mixed (n = 99) CCOC for analysis. Testing included a combination of DNA sequencing (including next-generation sequencing) using a 46-gene panel, immunohistochemistry, fluorescent or chromogenic in situ hybridization, and RNA fragment analysis. Results: The most common findings were in the PIK3CA/Akt/mTOR pathway, with 61% of all CCOCs showing a molecular alteration in one of these pathway components. Nextgeneration sequencing revealed PIK3CA mutations in 50% of pure CCOCs. Significant differences were observed between pure and mixed CCOCs with respect to hormone receptor expression (9% vs 34.7% for ER, 13.45 vs 26.4% for PR), cMET (24.1% vs 11.6%), PD-1 tumor infiltrating lymphocytes (48.1% vs 100%), expression of PD-L1 (7.4% vs 25%), and TOPO1 (41% vs 27.1%) on immunohistochemistry, whereas next-generation sequencing revealed significant differences in mutation frequency in PIK3CA (50% vs 18.5%), TP53 (18.1% vs 57.7%), KRAS (12.4% vs 3.7%), and cMET (1.9% vs 11.1%). Conclusions: This large study confirms that the PIK3CA/Akt/mTOR pathway is commonly altered in CCOCs, and highlights the significant differences between pure and mixed CCOCs. Clear cell ovarian cancers are molecularly heterogeneous and there are a number of potential therapeutic targets which could be tested in clinical trials.
C lear cell ovarian cancer (CCOC) represents 5% to 13% of epithelial ovarian cancers (EOCs) in Europe and North America, but has a much higher prevalence of up to 25% of EOC in Japan and other parts of Asia. 1Y3 They are a distinct histologic subtype of EOC with a very different biology to the more common high-grade serous ovarian cancer (HGSOC). They are characterized by a low response to platinum-based chemotherapy and a worse prognosis and are a challenge to treat. 4, 5 Attempts to develop more effective first-line treatment, for example, by substituting irinotecan for paclitaxel in patients with CCOC, have been unsuccessful. 6 There is increasing recognition that patients with recurrent/advanced CCOC should be recruited into histotype-specific clinical trials rather than be included together with more chemotherapy responsive subtypes such as HGSOC in the so-called generic ''EOC'' trials. 3 However, CCOCs are molecularly heterogeneous and not necessarily a single entity, which underscores the importance of identifying specific patient subsets that may be more likely to benefit from targeted therapies rather than treating all patients with the same treatment. Molecular profiling of CCOCs could help identify potential targets and select patients for clinical trials with molecular targeted therapies. 7 High-resolution microarray analysis of 50 primary pure CCOCs identified distinct subgroups of CCOC with very different clinical outcomes. 8 Although the tumors shared similar histological features, comparative genomic hybridization yielded 2 clusters with distinct gene expression patterns and with significant differences in median progression-free survival (11 vs 65 months; P = 0.065). Molecular heterogeneity has also been observed with respect to gene copy number, point mutations, and other alterations, particularly in the PI3K/AKT/ mTOR pathway, all of which could impact on likelihood of response to targeted therapies. 7, 8 There are an increasing number of examples of how effective molecularly targeted therapies can be in tumors that are chemotherapy resistant such as metastatic melanoma and renal cancer. 9, 10 A better understanding of the genomic heterogeneity and specific molecular aberrations in CCOC should pave the way toward more effective and personalized therapy. At a more fundamental level, it is imperative that patients with CCOC are correctly diagnosed. Although gynecologic pathologists can consistently diagnose ''pure'' CCOC, this expertise may not exist in community practice. 11 For example, high-grade serous cancers with clear cell features can be confused with CCOC. 11 The variations in response rates and outcomes for patients with the so-called ''CCOC'' may be due to misdiagnosis in some cases as well as inclusion of mixed CCOC tumors, with a serous component which would be expected to respond more favorably to platinum therapy. 11 In view of this, we divided CCOC into pure and mixed subtypes in our analyses based on the original pathology reports rather than analyze them as a single entity.
We report results of an analysis of a large number of CCOCs that underwent comprehensive tumor profiling to identify potential druggable targets. The findings of this study could help inform the design of clinical trials and selection of patients for treatment with targeted therapies.
PATIENTS AND METHODS
Five hundred twenty-one patients with CCOC tumors were referred to Caris Life Sciences between 2009 and 2014. The clinical details and histological diagnosis of CCOC was based on the information including reported pathology provided by referring physicians. Four hundred twenty-two tumors were reported to be pure CCOC and 99 were mixed CCOC based on the original pathology report. No data on disease stage, recurrence or prior treatments were provided. Paraffin-embedded tumor samples included those obtained from the primary tumor or metastases either at initial diagnosis or at recurrence (Table 1 , Supplemental Digital Content 1, http://links.lww.com/IGC/A363). The Western Institutional Review Board, the IRB for Caris Life Sciences deemed the study exempt from additional patient consent as it used previously collected de-identified data.
Tumor Testing
Specific testing was performed per physician request and included a combination of sequencing [Sanger or nextgeneration sequencing (NGS)], protein expression by immunohistochemistry (IHC), gene amplification by fluorescent in situ hybridization (FISH) or chromogenic in situ hybridization, and/or RNA fragment analysis. The available tests examine a wide range of markers that are of interest in a wide range of tumor types. The type of analyses performed and the specific biomarkers tested depended on the amount of tissue sample available. A technical description of the technologies used is presented in Table 2 , Supplemental Digital Content 2, http://links.lww.com/IGC/A362. The panel of tests evolved over time as new biomarker information was published. Nextgeneration sequencing was introduced in January 2013 and therefore only 105 pure CCOC and 27 mixed CCOC tumor samples were analyzed using NGS. PD1 and PDL1 testing was introduced in 2014.
Statistical Analysis
Biomarker expression was compared across histologic subtypes via unpaired t tests using GraphPad software (GraphPad Software Inc, La Jolla, CA). 
RESULTS

IHC Results
On the basis of IHC, the protein expression observed with the highest frequency in pure CCOC in at least 50% of samples included RRM1 loss (80.8%; 298 of 369 cases tested), ERCC1 loss (79.6%; 218/274), TOP2A (62.6%; 211/337) overexpression, MGMT loss (56.4%; 220/390), and TS loss (50.8%; 96/189; Table 1 ). In mixed CCOC, the most common findings on IHC were infiltration of PD-1+ lymphocytes (100%; 8/8), ERCC1 loss (89.6%; 60/67), RRM1 loss (80.0%, 68/ 85), TOP2A (65.8%; 52/79), TUBB3 loss (52.8%; 38/72), and PTEN loss (51.0%; 50/85; Table 1 ). There were also differences between pure and mixed CCOC with respect to cMET, AR, ER, PR, PD-L1, MGMT, and TOPO1 (Table 1) .
PD-1/PD-L1
Thirteen of 27 pure CCOC tumors showed infiltration by PD-1+ lymphocytes, and 2 of these had aberrant PD-L1 overexpression on carcinoma cells. Eight of 13 that were positive for PD-1 or PD-L1 did not have mutations in any RTK, or in any components of the ERK or mTOR pathways. Aberrant PD-L1 overexpression was observed in 3 of 8 mixed CCOC, whereas PD-1+ tumor infiltrating lymphocytes were present in all 8 mixed CCOC patients tested.
NGS Results
The most common mutations identified by NGS in pure CCOCs included mutations in PIK3CA (50.0%; 52 of 104 cases tested), TP53 (18.1%; 19/105), and KRAS (12.4%; 13/105; Table 2 and Fig. 1 ). Most PIK3CA mutations occurred in exon 9 (21 mutations) or exon 20 (22 mutations). Of the exon 20 mutations, the most common was H1047R, observed in 13 (22.8%) of 57 patients with any PIK3CA mutation. TP53 mutations were observed in exons 4 to 8. TP53 mutations were present in 19 (18.1%) of 105 of pure CCOC tumors tested and in 15 (57.7%) of 26 mixed CCOCs. Most TP53 mutations were only observed once, with R175H being the most prevalent in 3 tumors. There were significant differences in the frequency of mutations in pure versus mixed CCOCS for the PIK3CA, TP53, KRAS, and cMET genes.
FISH Results
On the basis of FISH, cMETwas amplified in 3.2% (5/154) of pure versus 0% (0/40) of mixed CCOC samples (P = 0.1955), and HER2 was amplified in 9.3% (33/355) of pure versus 3.8% (3/80) of mixed CCOC samples (P = 0.0218).
Other Potentially Actionable Mutations
Mutations were also observed in the ATM (3.7%; 4/102) and APC (7.8%; 8/102) genes in pure CCOC tumors.
Comparison of Biomarker Expression in Biopsies From Primary Site With Metastatic Sites
The expression of all biomarkers was performed within the CCOC patients with NGS performed cohort to see if differences between biopsies taken from primary and metastatic FIGURE 1. Prevalence of all mutations in pure (n = 105) versus mixed (n = 27) CCOCs by NGS. P values for the comparison of pure versus mixed CCOC samples are as follows: PIK3CA, P = 0.0119; TP53, P G 0.0001; KRAS, P = 0.1944; cMET, P = 0.0254. For all of the other comparisons shown in the graph: P Q 0.05. Tested genes that showed no alterations included the following: ALK, BRAF, CSF1R, EGFR, FGFR1, FLT3, GNA11, GNAQ, GNAS, HNF1A, IDH1, JAK2, KDR, MPL, NOTCH1, NPM1, RB1, RET, SMAD4, and VHL.
sites could be observed. The frequencies of specific mutations seemed similar in biopsies from primary sites (n = 62) and metastatic sites (n = 40). Only TOPO2A protein expression was significantly different (P = 0.042) with less TOP2A expressed on primary tumors (61.8%; 34/55) than metastatic lesions (69%; 31/38).
DISCUSSION
To the best of our knowledge, this study is the largest and most comprehensive analysis of potential predictive biomarkers and molecular profiling in CCOCs reported to date. We subdivided patients into those with pure (n = 422) and mixed (n = 99) CCOC based on the pathology reports due to the likely differences between them with respect to biological behavior and response to chemotherapy. Molecular profiling and biomarker analysis using IHC, FISH, and NGS suggests that most pure and mixed CCOC tumors have potentially actionable targets that could be tested in clinical trials. The most common alterations were observed in the PIK3CA/AKT/mTOR pathway, with 61% of tumors tested having a mutation one of these pathway components. These mutations overlapped infrequently with mutations in the RasYRafYMekYErk pathway or with mutations in the receptor tyrosine kinases (Fig. 2) . Next-generation sequencing analysis of pure CCOCs demonstrated a high frequency of mutations in PIK3CA (50.0%).
Immunohistochemistry of pure CCOC demonstrated RRM1 loss (80.8%), ERCC1 loss (79.6%), TOP2A overexpression (62.6%), and TS loss (50.8%). These have been reported to predict response to chemotherapy and suggest that a FIGURE 2. Overlapping mutations in pure CCOCs with a mutation in a component of the PI3K pathway. A total of 105 pure CCOCs were analyzed, but results are shown only for the 61 samples that had a mutation in any of the 3 categories. Blue represents 1 mutation found, green represents 2 mutations found, and blank represents no mutation found. significant percentage of CCOC may respond to chemotherapy. However, the response rates to platinum-and taxane-based chemotherapy in the first-line setting are relatively low in patients with measureable disease (11%Y27%) and less than 10% response rates have been reported with a wide range of agents in patients with recurrent disease. 3 Unfortunately, we do not have clinical information available and do not know what percentage of patients in this series responded initially to chemotherapy or how they were treated after receiving the results of the CARIS testing which makes it difficult interpret the IHC results with respect to predicting chemosensitivity. Although CCOCs are often chemoresistant, some patients do respond to platinumbased chemotherapy and it would be important to identify this subset of patients. It is tempting to speculate that the patients most likely to respond to chemotherapy have ''mixed'' CCOCs. A number of mechanisms of chemoresistance in CCOC have been reported including decreased drug accumulation, increased drug detoxification, increased DNA repair, abnormal growth factor signaling, and cell cycle control which could explain the low response rates, particularly in the second-line setting. 12 Loss of ARID1A expression is common in CCOC and has also been correlated to shorter progression-free survival and chemoresistance. 13 The high frequency of mutations or alterations in the PIK3CA/Akt/mTOR pathway may also explain the chemotherapy resistance in CCOC as they are associated with intrinsic and acquired resistance to chemotherapy in a number of cancer types. 14 We found significant differences in selected biomarkers' protein expression, gene amplification, and mutation prevalence in pure compared to mixed CCOC, suggesting that a significant proportion of mixed CCOC may either have been misdiagnosed as clear cell cancers and were serous cancers with clear cell features. The results of TP53 mutation analysis in mixed compared to pure CCOC are indicative of this. TP53 mutations are considered a hallmark of HGSOC. 15 In contrast, pure CCOC have a much lower rate of TP53 mutation, with different studies reporting TP53 mutation rates ranging from 0% to 52%. 16Y18 Our analysis by NGS found a mutation rate of 18.1% for TP53 (19 of 105 samples). Mixed CCOC had a significantly higher rate of TP53 mutation (57.7% vs 18.1%; P G 0.0001) supporting the premise that they constitute a distinct subtype of CCOC and they should be either excluded or stratified in clinical trials of CCOC.
The PI3K/AKT/mTOR pathway has been established as a key mediator of oncogenic signaling. 19 In the current study, PIK3CA mutations were observed in 50% (52 of 104 samples) of pure CCOCs and in 18.1% of mixed CCOCs. The mutation rates are similar to results from a previous study that found that PIK3CA was mutated in 33% of CCOCs and in 46% of affinity-purified CCOC cell lines, with the higher mutation frequency observed in the cell lines being consistent with the higher mutation frequency observed in pure CCOCs. 20 In addition the PIK3CA/AKT/MTOR pathway may be overactive due to PTEN loss, which was observed in almost 50% of CCOC, underscoring the potential importance of targeting this pathway. There are a number of targeted therapies available including mTOR, PIK3CA, and AKT inhibitors, some of which are currently being tested in clinical trials in CCOC. 21 However, the PI3K pathway is a complex signaling network coordinating signals from a number other membrane receptors such as Met, as well as cross talk with the RasYRafYMekYErk pathway.
22Y24
Parallel molecular networks and feedback loops suggest that it may be better to investigate a combinatorial treatment strategy rather than using single agents. There are many potential combinations that could and should be investigated and there are a number of possible options for clinical trials (Fig. 3) . For example, we found that 70% of CCOC with a PIK3CA mutation also overexpressed MET. The signaling pathway of the receptor tyrosine kinase MET and its ligand hepatocyte growth factor is important for cell growth, survival, and motility and is functionally linked to the signaling pathway of VEGF, which is a key effector in angiogenesis. Cabozantinib is a small-molecule kinase inhibitor, which targets MET and VEGF receptor 2, as well as a number of other receptor tyrosine kinases and has significant activity in clear cell renal cancer and is one of many possible agents that should be tested in CCOC. 25 Analysis of PD-1 and PD-L1 by IHC was performed for only a small number of samples and larger studies are necessary to provide more robust numbers given the potential treatment implications of immune checkpoint inhibitors in selected patient subsets.
Limitations of this study include lack of a comprehensive central pathology review (only one representative block was submitted), no clinical information detailing prior therapies or response, and no details on ethnicity. It is encouraging that similar mutation frequencies were observed in the results of NGS testing on biopsies from primary sites (n = 62) and metastatic sites (n = 40), but more work is required to look at tumor heterogeneity to confirm the value of a single biopsy to assign treatment. Although a comprehensive central pathology review would be ideal, the patients with CCOC included in this study do reflect ''real world''diagnosis and practice. Central review by expert gynecologic pathologists is however essential for patients entered onto clinical trials and should be encouraged in clinical practice as well.
Patients with recurrent CCOC have a very poor prognosis and very limited treatment options. The results of this extensive biomarker and mutation analysis are consistent with other studies confirming the molecular heterogeneity of CCOC and highlight the potential targets and opportunities for clinical trials to investigate the potential activity of targeted therapies.
